Rationale Adolescence is a period of considerable development of brain and behavior and is the time during which most drug use is initiated. Objective Age-dependent differences in motivated behaviors may be one of the factors that contribute to heightened vulnerability to developing substance use disorders, so we sought to compare age differences in methamphetamine (METH) and saccharin seeking. Methods Beginning during adolescence or adulthood, male and female Sprague-Dawley rats were trained to self-administer 0.1% saccharin (via liquid dipper cup) or intravenous METH at one of three doses (0.02, 0.05, 0.08 mg/kg/inf) under increasing fixed ratio schedules of reinforcement. Subsequently, responding for METH (0.02, 0.05, 0.08, or 0.1 mg/kg/inf) under progressive ratio response requirements was assessed in rats that acquired METH self-administration at the highest dose (0.08 mg/kg/inf). Results We found that adult-onset rats acquired METH self-administration more readily and exhibited higher motivation compared to adolescent-onset rats, although there were no differences in METH intake during acquisition. Adult rats also acquired saccharin self-administration more readily, but in contrast to METH, there were age and sex differences in saccharin intake driven by high levels of responding in adult females. Conclusions These findings challenge the prevailing notion that adolescents are hypersensitive to reward and instead raise questions about the potential role of methodological factors on which rodent studies often differ.
Introduction
Adolescence is the transitional period between childhood and adulthood, which in humans is estimated to range from about 12 to 25 years old (Dahl 2004) , and it is characterized by normal yet substantial changes in neurobiology and behavior (Spear 2000; Sisk and Foster 2004; Somerville et al. 2010) . Some adolescents begin using drugs during this time, and it has been reported that adolescent-onset users transition to dependence more readily than adults (Chen et al. 2009 ) and have poorer treatment outcomes (Gonzales et al. 2008; Chen et al. 2009 ). Reward hypersensitivity is one mechanism that may confer heightened vulnerability for drug use disorders in adolescents. Specifically, it has been hypothesized that adolescents are hypersensitive to rewards and that this characteristic of motivated behavior is one of the factors that contributes to heightened vulnerability to developing substance use disorders Doremus-Fitzwater and Spear 2016; Spear 2000; Steinberg, 2010) .
Several studies in the human and laboratory animal literature support the idea of reward hypersensitivity in adolescents (Friemel et al. 2010; Marshall et al. 2017; van Duijvenvoorde et al. 2016) . For example, self-reported reward seeking in humans peaks between the ages of 12 to 15, forming an inverted-U relative to older and younger ages (Steinberg et al. 2009 ). Furthermore, brain regions implicated in reward processing are more active during task demands in adolescents compared to adults (Galvan et al. 2006) , even when age differences in behavior are not seen (Strang and Pollak 2014) . During tests of reward appraisal or emotion regulation, adolescents are reported to have greater nucleus accumbens (Galvan et al. 2006 ) and amygdala activation relative to adults (Hare et al. 2008 ). In addition, adolescent humans and rodents exhibit higher preferences for palatable foods than adults (Desor and Beauchamp 1987; Wilmouth and Spear 2009; Friemel et al. 2010) , although this age effect depends on sex (Marshall et al. 2017) . In humans, sex differences have been found that support the Btelescoping^phenomenon in women, whereby women tend to progress more rapidly than men from initiation of drug use to addiction (Piazza et al. 1989) . Generally rodent studies corroborate the human literature as female rats exhibit greater drug seeking than males (Becker and Koob 2016; Reichel et al. 2012; Roth and Carroll 2004) . In rodent studies, there are mixed findings for age-dependent differences in drug seeking that may depend on drug class (Doherty et al. 2013; Doherty and Frantz 2012; MayerBlackwell et al. 2014) or other methodological factors. However, it is most frequently the case that drug seeking in adolescents is found to be similar or heightened relative to adults (Shahbazi et al. 2008; Anker et al. 2012; Wong et al. 2013; Wong and Marinelli 2015) .
Neurobiological systems implicated in reward undergo considerable changes during adolescence, which may play a significant role in age differences in reward sensitivity. In the human prefrontal cortex gray matter, synapses, and gene expression of some subtypes of serotonin receptors undergo dynamic changes during adolescence (Huttenlocher and Dabholkar 1997; Giedd et al. 1999; Sowell et al. 1999; Glantz et al. 2007; Lambe et al. 2011) . Similar developmentally regulated changes have been observed in rodents during their adolescent period, which has been argued to range from as early as postnatal day (P) 28 to at least P60 based on social, cognitive, hormonal, and neurophysiological changes that parallel markers of human adolescence (Tirelli et al. 2003; Spear 2011) . For example, during rodent adolescence there are significant increases in connectivity between the basolateral amygdala and medial prefrontal cortex (Cunningham et al. 2002 (Cunningham et al. , 2008 , changes in the density of monoamine transporters (Moll et al. 2000; Bradshaw et al. 2016) , increases in prefrontal cortex dopamine innervation (Kalsbeek et al. 1988) , decreases in medial prefrontal cortex neuron number (Markham et al. 2007; Willing and Juraska 2015) , and reorganization of the amygdala (Rubinow and Juraska 2009; Koss et al. 2014) .
To date, few published studies have examined age differences in drug or nondrug reward seeking in rodent models and the limited number that have focus on males and a single reinforcer type (Counotte et al. 2014; Myal et al. 2015) . Here, we sought to address this deficiency by testing the hypothesis that adolescents are hypersensitive to rewards by training male and female Sprague-Dawley rats to selfadminister 0.1% saccharin (delivered via a liquid dipper cup) or one of three different doses of METH (0.02, 0.05, or 0.08 mg/kg/infusion delivered i.v. via jugular vein catheters). We chose the non-caloric sweetener saccharin as a comparison nondrug reinforcer in order to minimize the potential impact of the differential caloric needs that exist in rapidly growing adolescent compared to adult rats (Spear 2000; Friemel et al. 2010) . In a follow-up experiment, we further assessed motivation for METH by allowing rats that had acquired selfadministration at 0.08 mg/kg/infusion to respond for one of four different doses of METH (0.02-0.1 mg/kg/infusion) under a progressive ratio (PR) schedule of reinforcement. Consistent with the hypothesis that adolescents are hypersensitive to rewards Doremus-Fitzwater and Spear 2016; Spear 2000; Steinberg 2010 ), we predicted that rats beginning self-administration training during adolescence would more readily acquire the behavior and earn more infusions (i.e., complete higher response ratios) under a PR schedule compared to adults.
Methods

Subjects
Subjects were 80 male and 103 female Sprague-Dawley rats born from vendor-obtained breeders (Harlan; Indianapolis, IN, USA) that were maintained in our facility. They were weaned on PND 22 and housed 2-3 per cage with same-sex littermates and/or same-sex non-littermates with the same date of birth. Group assignments were counterbalanced across litters according to age-of-onset (adolescent or adult) and reinforcer (METH or saccharin). All rats were weighed daily beginning on P30 and food and water were available ad libitum throughout the study, except during the limited periods (≤ 4 h) noted below. Rats were kept on a reversed 12-h light/dark cycle (lights off at 0900) with experiments performed between 0900 and 1830. Puberty onset was estimated by daily checks for preputial separation in males (Korenbrot et al. 1977 ) and vaginal opening in females (Hashizume and Ohashi 1984) . These checks started on P30 and revealed that age of mean puberty onset in females was P35 (range P31-44) and in males was P43 (range P36-47). Female estrous cycle was not monitored in the current study because drug exposure is known to disrupt cycling (King et al. 1990 (King et al. , 1993 Raap et al. 2000) . Experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Illinois, Urbana-Champaign, and were consistent with the Guide for the Care and Use of Laboratory Animals (National Research Council 2011).
Surgery
Rats were implanted with indwelling jugular vein catheters on or about (± 2 days) P32 (adolescent onset) or P82 (adult onset) using procedures described by Wong et al. (2013) . Briefly, rats were anesthetized with isoflurane (2-4%; Midwest Veterinary Supply, Lakeville MN, USA), the right jugular vein was isolated, and a catheter was inserted in the vein and extended to the dorsal torso where an access port was externalized in the mid scapular region. To facilitate catheter patency, rats were flushed daily with 0.1 ml of heparinized saline (50 U/ml) and given an antibiotic. For approximately half the rats in the study, the daily flush solution contained 10 mg/ml cefazolin (Midwest Veterinary Supply), whereas the remainder were given 1.1% Trimethoprim Sulfa (Midwest Veterinary Supply) in their drinking water. This change was made in consultation with campus veterinarians as an approach to provide more appropriate prophylactic treatment. Although catheter patency was not critical for rats in the saccharin selfadministration groups, daily flushes were also performed if catheters remained patent. For rats in the i.v. selfadministration groups, catheter patency was tested 6-8 days following surgery, 1 day following the final selfadministration session, and as needed if patency loss was suspected by infusion with 0.05-0.1 ml of a solution containing 15% ketamine (100 mg/ml) and 15% midazolam (5 mg/ ml). Patency was confirmed by immediate loss of muscle tone.
Apparatus
Self-administration took place in standard operant conditioning chambers (Coulbourn Instruments, Whitehall, PA) that were enclosed in sound-attenuating cubicles. The cubicles were equipped with fans that provided ventilation and masked extraneous noise. One wall of each operant conditioning chamber was equipped with a centrally located food trough outfitted on either side with two recessed nosepoke ports that were equidistant (87 mm) from the trough. White cue lights were located above each lever and a 2.9 kHz Sonalert speaker was located directly above the food trough. A white houselight was located near the chamber ceiling on the wall opposite the nosepoke ports. Entries into the trough and nosepoke ports were monitored using infrared detectors. Graphic State (v3.1; Coulbourn Instruments) was used for automated chamber control and data collection.
Self-administration
Following 6-8 days of recovery from surgery, rats were allowed 90 min to explore the operant conditioning chamber with access to the nosepoke ports blocked (Wong et al. 2013 ). The following day, rats were trained in 2-h sessions to perform nosepoke responses for 0.1% saccharin or (+)-METH HCl (Sigma-Aldrich, St. Louis, MO), with the latter available at one of three unit doses: 0.02, 0.05, or 0.08 mg/kg/inf (calculated as weight of the salt and dissolved in 0.9% sterile saline). Doses of METH were based on previous studies reporting the ability to detect age differences (0.05 mg/kg/inf; Anker et al., 2012) , different rates of escalation of METH intake (0.05 and 0.1 mg/kg/inf; Kitamura et al., 2006) , and sex differences in acquisition and motivation (0.02 and 0.08 mg/kg/inf; Roth and Carroll, 2004) . Saccharin concentration was based on a study (Wong, 1985) , and our own pilot experiments showing a 0.1% saccharin solution was the most preferred.
For all rats, responses into the right nosepoke port (Breinforced response^) were reinforced with either an infusion of METH (40-80 μl delivered over 2-4 s) or delivery of saccharin via a dipper cup (0.08 ml/delivery). Responses in the left port (Bnon-reinforced response^) had no programmed consequence. Reinforcer delivery coincided with presentation of a 4-s compound stimulus (a 2.9 kHz, 80 dB tone and illumination of the cue light above the right nosepoke port). To encourage exploration of the chamber for the first 3 days of training, food was removed 2 h prior to the session and returned 30 min to 2 h after the session.
Acquisition of METH and saccharin self-administration was assessed over 15 sessions of fixed ratio (FR) responding: FR1 for the first seven sessions, FR3 for four sessions, and FR5 for the final four sessions. Rats trained to acquire METH self-administration at the 0.08 mg/kg/inf dose were subsequently tested for their motivation to respond for four doses of METH (0.02, 0.05, 0.08, 0.1 mg/kg/inf) during separate sessions performed on a progressive ratio (PR) schedule of reinforcement (Fig. 1) . For PR sessions, which were 5 h in duration, the training dose (0.08 mg/kg/inf) was always tested first and the testing order for remaining doses was counterbalanced across rats. Between each PR session, rats were given a 2-h maintenance session with 0.08 mg/kg/inf available on an FR5 schedule of reinforcement. PR breakpoint, which is often analyzed as a measure of motivation for the reinforcer, is typically defined as the final ratio achieved before the rat ceases responding. However, accurate measurement of breakpoint for drugs like METH that have a long half-life requires extended duration sessions (~24 h) followed by drug-free recovery days (Richardson and Roberts 1996) . Because we were interested in age differences during the relatively short developmental period of adolescence, this approach was not practical here, and we therefore chose to use the 5-h timed PR session to complete testing within the fewest number of days possible. Previous studies used timed PR sessions and measures of infusions earned to investigate changes in motivation to respond for METH (Clemens et al. 2006; Cox et al. 2013 ).
Data analysis
Dependent measures included number of reinforced responses, number of non-reinforced responses, reinforcers earned, sessions to reach acquisition criterion, and infusions earned during PR sessions. Rats were considered to have acquired METH self-administration if two criteria were met: (1) they infused an average of at least 0.95 mg/kg METH across four consecutive sessions and (2) they maintained this level of consumption through FR5 (sessions 12-15). This second standard was used to insure Bacquired^rats continued responding as the ratio requirement increased. For METH, a dose of at least 0.95 mg/kg was achieved when rats earned 48, 19, or 12 infusions at 0.02, 0.05, or 0.08 m/kg/inf, respectively. For saccharin self-administration, the acquisition criterion was set at ≥ 19 reinforcers to equate required responding with the 0.05 mg/kg/inf dose of METH. For analysis of the rate of acquisition, the final session of the first four-session block was used. Rats that did not meet acquisition criterion were assigned a value of 16 for the sessions to criterion analyses. Sessions to criterion was analyzed separately for saccharin and each dose of METH with a two-way (age × sex) ANOVA. The number of rats per group meeting acquisition criterion by the end of the acquisition period (session 15) was analyzed separately for saccharin and each dose of METH with Chi-square log-rank tests (Mantel-Cox); the specific group comparisons made were determined based on significant differences in the sessions to criterion ANOVAs.
To determine if the acquisition criterion split rats into groups that were behaviorally distinct, reinforced responses were analyzed separately for saccharin and each dose of METH in two-way mixed factor ANOVAs with acquisition (yes or no) and session as factors. Reinforced nosepokes and reinforcers earned from rats that met acquisition criterion were then analyzed for saccharin and each dose of METH in separate three-way (age × sex × session) mixed factor ANOVAs. For PR tests, infusions were analyzed using three-way (age × sex × dose) mixed factor ANOVAs. Significant main effects and interactions were followed up with Tukey's post-hoc tests.
Results
Acquistion of intravenous METH (0.02, 0.05, and 0.08 mg/ kg/inf) and oral saccharin (0.1%) self-administration was assessed across 15 daily sessions with increasing FR schedules of reinforcement. Separate two-way ANOVAs of sessions to acquisition criterion revealed a main effect of age for saccharin (F 1,46 = 5.44, p < 0.05), a significant main effect of age for 0.02 mg/kg/inf (F 1,28 = 6.93, p < 0.05), and a main effect of sex for 0.08 mg/kg/inf (F 1,42 = 5.92, p < 0.05). Tukey's posthoc analyses demonstrated that for saccharin (Fig. 2a) and 0.02 mg/kg/inf METH (Fig. 2b) , adolescent-onset rats required significantly more sessions to reach criterion than adult-onset rats. At the highest dose of METH (0.08 mg/kg/ inf), males required more sessions to reach acquisition criterion than females (Fig. 2d) . Increases in the percent of rats meeting acquisition criterion differed by reinforcer and unit dose of METH, and these effects varied by age of onset and sex. Consistent with the sessions to criterion data for saccharin (χ 2 = 4.06, p < 0.05; Fig. 3a ) and 0.02 mg/kg/inf (χ 2 = 5.88, p < 0.05; Fig. 3b ), significantly more adult-onset rats reached acquisition criterion by the final session than adolescent-onset rats regardless of sex. At 0.08 mg/kg/inf, more females met acquisition criterion by the 15th session than males and this was driven by a significant difference between adolescent-onset females and adolescent-onset males (χ 2 = 5.03, p < 0.05; Fig. 3d ). There were no significant group differences in acquisition at 0.05 mg/kg/inf (Figs. 2c, 3c) .
Reinforced responses for rats that acquired METH or saccharin self-administration, as well as those that did not (collapsed across group), are shown in Fig. 4 . For saccharin, we found a significant session by acquisition interaction (F 14,672 = 4.26, p < 0.0001). We also found a significant session by acquisition interaction for each dose of METH (0.02 mg/kg/inf: F 14,417 = 11.57, p < 0.0001; 0.05 mg/kg/inf: F 14,742 = 16.03, p < 0.0001; 0.08 mg/kg/inf: F 14,616 = 4.38, p < 0.0001). The pattern of differences between rats that acquired and those that did not was consistent for saccharin and all doses of METH. Generally, there were no differences between acquired and not acquired rats for sessions 1 through 7 (exception: sessions 3, 4, and 7 at 0.02 mg/kg/inf and session 7 for saccharin). Differences emerged when the response requirement was increased to FR3 on session 8 and were Fig. 1 Experimental timeline showing the approximate age in days (± 2) of rats in the adolescent-and adult-onset groups for cannulation surgery and self-administration procedures. Acquisition of METH selfadministration was assessed in groups of rats trained at 0.02, 0.05, or 0.08 mg/kg/inf unit doses. Acquisition of 0.1% oral saccharin selfadministration was assessed in a fourth group. Progressive ratio (PR) responding, which was assessed only in rats that met acquisition criterion at 0.08 mg/kg/inf, was tested at four doses (0.02, 0.05, 0.08, 0.1 mg/kg/ inf) in separate sessions that each were separated by a maintenance session of 0.08 mg/kg/inf available on an FR5 schedule maintained through the end of acquisition (Fig. 4a , c, e) . Specifically, acquired rats made significantly more responses than rats that did not acquire on sessions 8 through 15. We performed this same analysis on non-reinforced nosepoke responses and found a significant acquired by session interaction at the 0.02 mg/kg/inf dose of METH (F 14,417 = 2.32, p < 0.01; data not shown). Post-hoc tests indicated that on session 10, the small number of rats that met acquisition criteria at this dose (n = 4 adult-onset rats) had more nonreinforced responses compared to non-acquired rats (p < 0.01; data not shown). Subsequent analyses were not performed at the 0.02 mg/kg/inf dose due to the low number of rats that met acquisition criterion at this dose.
In the subset of rats that acquired saccharin (n = 39) and METH (0.05 mg/kg/inf: n = 29; 0.08 mg/kg/inf: n = 40) selfadministration, reinforced nosepoke responses, and Fig. 2 Sessions to reach acquisition criterion for saccharin and METH self-administration. Individual plots of number of sessions to acquisition criterion for a 0.1% saccharin (n = 11-14/ group), b 0.02 mg/kg/inf METH (n = 7-11/group), c 0.05 mg/kg/ inf METH (n = 9-16/group), and d 0.08 mg/kg/inf METH (n = 9-17/group). The horizontal line within each group indicates the group mean. # p < 0.05 males vs. females; *p < 0.05 adolescentonset vs. adult-onset Fig. 3 Acquisition of 0.1% saccharin and METH (0.02, 0.05, or 0.08 mg/kg/inf) selfadministration across 15 daily sessions of training. Shown are the percent of rats meeting acquisition criterion for a 0.1% saccharin (n = 11-14/group), b 0.02 mg/kg/inf METH (n = 7-11/ group), c 0.05 mg/kg/inf METH (n = 9-16/group), and d 0.08 mg/ kg/inf METH (n = 9-17/group). The ratio of rats that acquired to the total number that completed training for each group is indicated next to the corresponding acquisition curve. *p < 0.05 adolescent-vs. adult onset; # p < 0.05 female vs. male reinforcers earned were analyzed in three-way ANOVAs. For saccharin, there was a main effect of session for reinforced nosepokes (F 14,490 = 20.44, p < 0.0001). For both doses of METH, we also found a main effect of session for reinforced nosepokes (0.05 mg/kg/inf: F 14,350 = 27.68, p < 0.0001; 0.08 mg/kg/inf: F 14,504 = 39.22, p < 0.0001). Three contrasts were constructed to compare reinforced nosepokes averaged across days 1-7 (FR1), [8] [9] [10] [11] , and 12-15 (FR5). For saccharin and both doses of METH, average nosepokes at each FR schedule differed significantly from the other two (p < 0.001 for all comparisons), demonstrating that reinforced responses increased with each escalating response requirement (FR1 < FR3 < FR5). For saccharin, there was also an age by session interaction (F 14,490 = 4.25, p < 0.0001), and a sex by session interaction (F 14,490 = 2.38, p < 0.01). Females made more nosepokes than males when the response requirement was increased to FR5 on session 12 and were maintained through session 14 (Fig. 4a) . This effect seemed to be driven by adult-onset rats who made more nosepokes than adolescent-onset rats from session 8 through 15. Analysis of reinforcers earned (ml/kg) for saccharin rats revealed significant age by session (F 14,490 = 3.84, p < 0.0001) and sex by session (F 14,490 = 3.18, p < 0.0001) interactions. Females earned significantly more reinforcers per body weight than males on sessions 3 through 15, which appears largely driven by adult females once the fixed ratio requirement was increased on session 8. Adult-onset rats earned more reinforcers per body weight than adolescent-onset rats on sessions 7 and 12 through 15 (Fig. 4b) . Analysis of reinforcers earned revealed only significant main effects of session for both doses of METH (0.05 mg/kg/inf: F 14,350 = 4.32, p < 0.0001; 0.08 mg/kg/inf: F 14,504 = 15.66, p < 0.0001). Post-hoc analysis of reinforcers at the 0.05 mg/kg/inf dose revealed that rats earned significantly less reinforcers on session 2 than sessions (Fig. 4d, significance not shown) . At the 0.08 mg/kg/ inf dose, rats earned significantly more reinforcers on session 1 than all other sessions (Fig. 4f, significance not shown) .
PR responding for 0.02-1.0 mg/kg/inf METH was then assessed in the subset of rats that met acquisition criterion at the 0.08 mg/kg/inf dose (Fig. 5) . Analysis of infusions revealed significant main effects of dose (F 3,111 = 13.6, p < 0.001) and age (F 1,37 = 8.11, p < 0.01), but no interaction.
Compared to all other doses tested, rats earned significantly fewer infusions at the 0.02 mg/kg/inf dose, consistent with data from acquisition (Fig. 5b) . The main effect of age revealed that adult-onset rats, regardless of sex, earned significantly more infusions than adolescent-onset rats.
Discussion
Adolescence is a time of behavioral, cognitive, and neurobiological change that coincides with the period of greatest drug use initiation. Reward hypersensitivity has been postulated as a potential mechanism contributing to adolescent-onset drug use Doremus-Fitzwater and Spear 2016; Spear, 2000; Steinberg 2010) . In this study, we tested this hypothesis by examining age and sex differences in METH and saccharin self-administration. We found that adult-onset rats acquired saccharin and the lowest dose of METH (0.02 mg/kg/inf) self-administration more readily than adolescent-onset rats and that adolescent-onset males consistently had the lowest levels of METH acquisition across all training doses. Females also acquired self-administration of the highest dose of METH (0.08 mg/kg/inf) more readily than males. In spite of similarities in acquisition of saccharin selfadministration, adult-onset female rats self-administered significantly more saccharin than their male counterparts. However, for rats that met acquisition criteria, there were no group differences in responding or intake of METH across the 15 sessions of acquisition. When motivation for METH was assessed in the subset of rats that met acquisition criterion at the highest training dose (0.08 mg/kg/inf) using a PR schedule of reinforcement, adult-onset rats earned the most infusions across all doses tested. Together, these data demonstrate that under the conditions used in the current experiments, adultonset rats engage in more reward seeking behavior than adolescent-onset rats and that females are hypersensitive to nondrug rewards. Thus, the notion that adolescents are hypersensitive to rewards was not supported here.
Studies examining age differences in nondrug reward seeking have found that adult males engage in more reward seeking than adolescent males, but consume similar amounts by body weight (Counotte et al. 2014; Myal et al. 2015) . Our results are consistent with this and further demonstrate that both male and female adults exhibit higher operant responding for saccharin relative to their adolescent counterparts, but that females consume more saccharin per body weight than males. This latter finding contrasts with a study demonstrating adult males and females did not differ in sucrose pellet intake by body weight (Zhou et al. 2015) . However, an important methodological difference was that in the current study, we used a non-caloric reward to mitigate the influence of age and sex differences in caloric need.
In addition to sex differences in nondrug reward seeking, we found evidence for sex differences in self-administration of the highest dose of METH (0.08 mg/kg/inf), with females acquiring more readily than males. This rapid initiation of METH use in our females is consistent with previous studies (Perry et al. , 2015 Roth and Carroll 2004) . In contrast, females did not display characteristics that are linked with a transition to addiction, i.e., greater intake of, or motivation for, METH. Thus, our METH self-administration data only partially support the notion that females exhibit the Btelescopingp henomenon (Piazza et al. 1989) .
Our METH self-administration findings add to a growing literature that reveals nuanced effects of age and sex on drug seeking. Evidence for heightened self-administration in adolescents and females may depend on several methodological factors, such as duration of access, dose, and pubertal status. Typically, when cocaine or amphetamines are available for short periods of time (≤ 2 h), adolescents (Shahbazi et al. 2008; Harvey et al. 2009; Anker et al. 2012; Wong and Marinelli 2015) and females (Reichel et al. 2012 ) selfadminister similar amounts of drug as their counterparts. Consistent with findings from the current study, these age and sex differences are dependent on dose (Kantak et al. 2007; Shahbazi et al. 2008; Wong et al. 2013; Schassburger et al. 2016 ). However, under long access conditions (~4-6 h), adolescents (Shahbazi et al. 2008; Anker and Carroll 2010; Wong et al. 2013 ) and females (Roth and Carroll 2004; Reichel et al. 2012) have been reported to self-administer psychostimulants more readily than adults and males, respectively. Puberty appears to play a role as well given that males who were post-pubertal at the onset of self-administration infuse cocaine more readily than adults (Wong et al. 2013) . Males that were pre-pubertal at the onset of self-administration, but were post-pubertal by the end of testing, earned the same number of infusions as adult males (Wong et al. 2013 ). In our adolescent-onset groups, most of the males had not yet reached puberty at the onset of METH self-administration, which could account for the low levels of self-administration in our adolescent-onset males. On the other hand, our adolescent-onset females were mostly post-pubertal at the start of self-administration. Studies assessing motivation reveal similar nuanced effects, such that adolescents and females sometimes exhibit higher motivation than their counterparts, but this depends on dose and housing conditions (Roth and Carroll 2004; Shahbazi et al. 2008; Westenbroek et al. 2013; Wong et al. 2013) . Taken together, the findings suggest that propensity to self-administer drugs may not be conferred in an absolute sense and instead depends on a number of factors (Kosten et al. 2000; Walker et al. 2008; Lewis et al. 2013 Lewis et al. , 2016 Westenbroek et al. 2013; Baarendse et al. 2014 ). In the current study, the methodological features of note are that the rats we used were born in our facility and thus did not experience shipment stress at different ages were socially housed, tested during their dark cycle, and underwent sessions with increasing FR response requirements across the acquisition period.
The age-dependent differences in METH self-administration we observed suggest that adolescent-onset rats are less sensitive to the reinforcing effects of METH compared to their adult-onset counterparts. Although there is evidence for adolescent reduced sensitivity to the reinforcing properties of opiate drugs (Doherty et al. 2013; Doherty and Frantz 2012; Mayer-Blackwell et al. 2014; Niikura et al. 2013 ), the existing research on agedependent differences in the reinforcing and locomotoractivating effects of psychostimulants is equivocal. Studies have shown that adolescents are more sensitive (Zakharova et al. 2009; Mathews et al. 2011) , less sensitive Mathews and McCormick 2007; Zakharova et al. 2009 ), or no different (Mathews and McCormick, 2007) than their adult counterparts. One possibility is that age differences in pharmacokinetics could account for reduced sensitivity to METH in adolescents, but findings are again mixed. Studies examining plasma and brain levels of stimulants have found that adolescents have lower (Spear and Brake 1983; Kokoshka et al. 2000; McCarthy et al. 2004; Craig et al. 2014 ), higher (Caster et al., 2005) , or similar levels (McCarthy et al., 2004; Caster et al., 2005) compared to adults. Based on the extensive changes occurring in the brain during adolescence (Andersen et al. 1997 (Andersen et al. , 2000 Dagher et al. 2001; Koss et al. 2014; Juraska and Willing 2017) , another possibility is that differences in pharmacodynamics (e.g., dopamine transporter function; Volz et al., 2009) contribute to our findings. Further studies will be required to determine the impact of pharmacokinetics and pharmacodynamics on age and sex differences in drug seeking.
In summary, our investigation of differences in saccharin and METH seeking revealed that age differences in reward seeking depend on sex and reward type. Adult male and female rats were more sensitive to the reinforcing effects of METH and acquired saccharin self-administration more readily than adolescent rats. However, age and sex differences emerged when a nondrug reward was assessed as females, regardless of age, consumed more saccharin per body weight than males. Overall, adult females exhibited heightened sensitivity to rewards relative to all other groups. These findings challenge the prevailing notion that adolescents are hypersensitive to reward. Within the context of the existing literature, these results highlight the importance of factors including sex, reward type, and experimental conditions (e.g., group housing) on group differences in reward seeking. To reconcile the conflicting reports on this subject, further study is required to elucidate specific factors that determine the direction and magnitude of age and sex differences in drug seeking.
